Kapton polyimide films are one of the most commonly used flexible and robust substrates for flexible electronic devices due to their excellent thermal, chemical, mechanical, and electrical properties. However, such films feature an inert and highly hydrophobic surface that inhibits the deposition of functional materials with water-based fluids (solutions, suspensions, inkjet inks, etc.), which raise the need for their surface modification to reduce their inherent surface inertness and/or hydrophobicity in order to allow for the fabrication of electronic devices on the substrates. Traditional Kapton surface modification approaches use harsh conditions that not only cause environmental and safety problems but also compromise the structural integrity and the properties of the substrates. This chapter focuses on two recently-developed mild and environmentally friendly wet chemical approaches for surface modification of Kapton HN films. Unlike the traditional methods that target the polyimide matrix of Kapton films, these two methods target the slip additive embedded in the polyimide matrix. The surface modified Kapton films resulted from these two methods allowed for not only great printability of both waterand organic solvent-based inks (thus facilitating the full-inkjet-printing of entire flexible electronic devices) but also strong adhesion between the inkjet-printed traces and the substrate films.
Introduction
Kapton HN films, which are well known to be made of polyimide polymer, are one of the most commonly used substrates for flexible electronics due to their excellent physical and electrical properties as well as exceptional thermal and chemical stability. However, such films feature an inert and highly hydrophobic surface. Hydrophilic (e.g. water-based) fluids (solutions, suspensions, inks, etc.) will ball up on such surfaces (due to "lotus effect") [1, 2] . However, for fabrication of an entire electronic device, both organic solvent-and water-based fluids are usually needed to deposit functional materials on the same substrate surface. As a result, surface modifying polyimide substrates to reduce their inherent surface hydrophobicity and/or inertness is usually needed to allow for the continuous and uniform deposition with both organic solvent-and water-based fluids.
Traditionally, polyimide substrates are surface modified with a number of methods including plasma [3, 4] and ion-beam [5, 6] etching, UV/ozone exposure [3, 7] , acid [3, 8] and/or base [9, 10] treatments, and laser ablation [11, 12] . These methods, however, usually compromise the structural integrity and the properties (such as the cohesive strength, and the thermal and chemical stability) of the polyimide substrate, since they utilize relatively harsh conditions to oxidize and/or tear out part of the surface polyimide. Additionally, the wastes and by-products (such as acrolein which is extremely irritating, strong bases and acids which are corrosive, and benzene which is carcinogenic) generated from these harsh treatments can raise serious environmental and safety issues (especially when the treatments are performed indoors and/ or in large scales). For example, incubation with a sodium hydroxide solution has been one of the most common traditional methods to tune the surface properties of Kapton polyimide substrates [9, 10, 13 ], but such a treatment not only generates highly corrosive strong base waste but also tears out some surface polyimide resulting in pits in the Kapton surface [14] . The defects on structurally damaged Kapton films would result in not only poor deposition quality of the device components but also weakened mechanic strength of the resulting devices. The increasingly growing of flexible electronic devices (such as flexible displays [15] , electronic paper [16, 17] , photovoltaic cells [18, 19] , sensors [1, 2, [20] [21] [22] [23] , LEDs [24] , electronic textiles [25] , RF tags [26] , and electrochemical devices [27] , etc.) is calling for mild and environmentally friendly surface modification approaches which can minimize the compromise to the structural integrity and the properties of Kapton polyimide substrates while efficiently tuning the surface properties of the substrates. To take full advantage of the properties of Kapton HN films, any surface modification to such films should avoid as much as possible compromising their structural integrity and properties. For extremely thin Kapton HN films, such as Kapton 30HN (thickness 7.5 μm), 50HN (thickness 12.7 μm), and 75HN (thickness 19.1 μm), it is critical to make sure that their surface modification is non-or minimally destructive.
Kapton HN films have a slip additive incorporated in the polyimide matrix to enhance their mechanical properties [13] . The nature of the additive, however, has been very scarcely reported in the literature. Williams et al. has mentioned, but without providing supporting data, that the additive in Kapton HN films was calcium phosphate dibasic (CaHPO 4 ) [14] . This chapter first describes the characterization of Kapton 500HN films particularly of their slip additive, then introduces two recently-developed mild and environmentally friendly wet chemical approaches for surface modification of Kapton HN films to allow for not only great printability of both water-and organic solvent-based inks but also strong adhesion between the inkjet-printed traces and the surface modified substrates. Unlike the aforementioned traditional Kapton surface modification methods which target, and oxidize and/or tear out part of, the surface polyimide matrix, the approaches described in this chapter target the electric charges on the slip additive particles.
Characterization of Kapton HN films
In this section, a number of characterizations were performed on as-received Kapton 500HN films (a gift from Dupont, Wilmington, DE, USA) particularly on their slip additive. The optical microscopy analysis of the films showed particles of varying sizes which were imbedded in Kapton HN polyimide matrix (Figure 1a) . These particles have been shown to be the slip additive to the polyimide matrix of Kapton HN [14, 28] . As shown in Figure 1a , the majority of the slip additive particles exuded to the substrate surface, which is consistent with a previous observation [29] . The large hump (with 2θ ranging from ˜10° to ˜35°) and the sharp narrow peaks in the X-ray diffraction (XRD) pattern of the Kapton HN films (Figure 1b) indicated the presence of amorphous and crystalline components, respectively. Apparently the amorphous moiety was the polyimide polymer and crystalline moiety the slip additive. While calcium phosphate dibasic (CaHPO 4 ) might be present in the additive as previously reported [14] , the crystalline peaks in the XRD pattern of the Kapton HN films matched very well with those of calcium carbonate (CaCO 3 ) (ICDD reference code 04-001-7249) (Figure 1b) but did not match any of the CaHPO 4 peaks. Significant carbon and oxygen peaks and a small calcium peak showed up in the energy dispersive X-ray spectroscopy (EDX) pattern of the Kapton substrate (Figure 1c) .
To better characterize the slip additive in Kapton HN films, efforts were made to minimize the interference from the polyimide polymer matrix. Kapton HN films were fired at 800°C for 2 hours in air (this firing treatment has been shown to be efficient to pyrolyze the entire polyimide polymer moiety in Kapton HN [30] ) to remove the polyimide polymer. The remaining inorganic components were characterized with scanning electron microscopy (SEM), EDX, and XRD analyses. Figure 2a and b, the size of the ash particles varied significantly, from less than 100 nm to several microns, with the large particles probably resulting from the sintering and agglomeration of the fine ones [14] . The EDX analysis of the ash showed the presence of the elements of oxygen, calcium, and phosphorus (Figure 2c) . The XRD analysis of the ash showed the presence of only calcium pyrophosphate Ca 2 P 2 O 7 (ICDD Reference code 04-009-6231) (Figure 2d) . Compared with the XRD pattern of the as-received Kapton HN films (Figure 1b) , the XRD pattern of the pyrolyzed films (Figure 2d ) indicated the disappearance of CaCO 3 and the presence of Ca 2 P 2 O 7 . The composition change was due to the multiple chemical reactions (such as the decomposition of CaCO 3 into CaO and CO 2 [31] ) taken place during the pyrolyzing process. Combining Figure 1 (characterization of Kapton HN) and Figure 2 (characterization of the Kapton HN ash resulted from pyrolysis), we can conclude that the additive in Kapton HN was composed of CaCO 3 (crystalline) and one or more phosphorus-containing compounds (crystalline or amorphous). Any calcium phosphate compounds, if present as previously reported [14] in the additive, must be either crystalline but in a small amount (i.e. beyond the detection limit of the diffractometer used for the XRD analyses) or amorphous, or both. While the exact nature of the additive in Kapton HN is probably proprietary 
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and unknown to the public, XRD analyses showed that crystalline CaCO 3 was present in the additive in a significant amount (Figure 1b) . With an isoelectric point of 8.2 [32] , crystalline CaCO 3 bears positive charges at a neutral or acidic pH. The two recently developed mild and environmentally friendly wet chemical approaches described below both target the surface electric charges borne by the additive particles imbedded in the polyimide matrix of Kapton HN films.
A bio-enabled maximally mild layer-by-layer Kapton surface modification approach
Protamine has been clinically used to reverse the anticoagulant effects of heparin by binding to it [33, 34] . The development of the present bio-enabled surface modification approach was inspired by the in vivo antagonizing interaction of these two clinically used biological molecules. In this surface modification process, negatively charged heparin and positively charged protamine were used to uniformly deposit a thin film of protamine-heparin complex on Kapton HN substrates in a layer-by-layer fashion. The surface modification process was conducted under maximally mild conditions (in aqueous solutions of clinical biomolecules, and at a neutral pH, room temperature and atmospheric pressure). During the process the positively charged additive particles (e.g. CaCO 3 particles) on the Kapton HN surface enabled binding of the initial heparin (negatively charged) layer via electrostatic interaction. After the initial binding of heparin, the layer-by-layer uniform deposition of the protamine-heparin complex on Kapton HN was realized by the electrostatic interaction between the oppositely charged protamine and heparin molecules.
As far as we know, the present bio-inspired method was the first to use environmentally friendly clinical biomolecules for substrate surface modification. It is also the first surface modification approach performed under maximally mild and minimally destructive conditions.
Surface modification of Kapton HN films
A small Kapton piece with appropriate dimensions (e.g., 50 mm × 50 mm) was cut from a Kapton 500HN sheet. After a brief rinse with a phosphate buffer (0.2 M, pH 7.0), the Kapton piece was incubated for 10 min with a heparin sodium solution (10 mg/ml, pH 7.0) in the phosphate buffer followed by rinsing three times with the phosphate buffer. The Kapton piece was then incubated for 10 min with a protamine sulfate solution (10 mg/ml, pH 7.0) in the phosphate buffer followed by rinsing three times with the phosphate buffer. This process (heparin/rinse/protamine/rinse) was performed for a total of 5 times. Finally, the Kapton piece was rinsed with DI water and dried in air at 60°C for 2 hours.
A control surface modification process was conducted to validate the hypothesis that the surface modification process was facilitated by the positive electric charges on the Kapton HN surface. The control process was similar to the standard process described earlier, except that the heparin solution used in each deposition cycle was supplemented with 1 M sodium chloride. Figure 3a and b show the optical images with low and high magnifications, respectively, of some proof-of-concept silver interdigitated electrode (IDE) patterns inkjet-printed on a surfacemodified Kapton substrate with an ethanediol-based silver nanoparticle ink (Sun Chemical Corporation, Parsippany, NJ, USA), while Figure 3c shows the optical image of some proof-ofconcept graphene patches inkjet-printed on a surface modified Kapton substrate with a cyclohexanone/terpineol-based graphene ink which had been formulated based on the procedures described by Secor et al. [35] . Both the silver (Figure 3a and b) and the graphene (Figure 3c ) patterns printed with organic solvent-based inks were very similar to the designs and exhibited accurately controlled shapes with sharp edges.
Printability assessment
A number of shapes (rectangle, circle with a 100 μm-wide gap in the center, and diamond) were then printed on both surface unmodified and surface modified Kapton HN films with a home-made water-based graphene oxide (GO) ink. As shown in Figure 4a -c, accurately controlled shapes were able to be inkjet-printed as designed on a surface modified Kapton HN film. On the other hand, the GO ink drops balled up and formed isolated small "islands" on a surface unmodified Kapton HN film (Figure 4d-f) . As shown in Figure 4g -i, the GO ink that was printed on the Kapton film which had been treated with the control process (which was similar to the standard process except that the heparin solution used in each deposition cycle was supplemented with 1 M sodium chloride) balled up and exhibited isolated small "islands," similar to the patterns with surface unmodified Kapton HN shown in Figure 4d -f. This validated the hypothesis that the present surface modification method was made possible by the electric charges on the Kapton HN surface. Indeed, with such a high concentration of NaCl present in the heparin solution, the Cl¯ ions will screen the positive electric charges on the Kapton HN film surface. As a result, the initial heparin binding to the blank substrate film, and the subsequent protamine and heparin binding to the substrate, will all be drastically Optical images of proof-of-concept silver IDEs and graphene patches printed on surface modified Kapton HN films with an ethanediol-based silver nanoparticle ink and a cyclohexanone/terpineol-based graphene ink, respectively. (a) and (b) Low (a) and high (b) magnification optical images of the silver IDEs fabricated by printing (for five passes) the silver nanoparticle ink on a surface modified Kapton film followed by annealing at 120°C for 3 hours. (c) Optical image of the graphene patches fabricated by printing (for five passes) the graphene ink on a surface modified Kapton film followed by drying at 100°C for 1 hour [2] (licensed under creative commons attribution 4.0 international license).
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reduced. Consequently, the Kapton HN film will not be properly surface modified and its surface properties were hardly tuned.
For ink particles which are electrically charged under particular experimental conditions, the present surface modification method can enhance the uniformity of the thin films deposited on the resulting substrate. This is realized via reduction of "coffee ring effect" during the drying process. In the case of inkjet-printing, "coffee ring effect" results in an appreciable amount of more solid ink material deposited at the substrate perimeter than the other areas upon ink drying. The present surface modification method can choose to terminate the substrate surface with either negatively charged heparin or positively charged protamine. Terminating the substrate surface with opposite electric charges of the ink particles will enable local electrostatic interaction between the substrate surface and the ink particles. Consequently, the migration of the ink particles to the substrate perimeter during drying will be drastically reduced and the uniformity of the inkjet-printed thin films significantly enhanced after drying.
Fabrication and sensing tests of all-inkjet-printed flexible gas sensors
A flexible multilayered gas sensor was inkjet-printed adhering to the following steps: A Kapton HN film was treated with the process described in the present work, and a water-based GO ink was then used to inkjet-print a GO patch on the resulting Kapton substrate. The electrically non-conductive GO patch was converted into its conductive reduced graphene oxide (rGO) counterpart by firing at 300°C for 1 hour in nitrogen. A selector layer was inkjet-printed on the resulting rGO patch with a dimethylformamide-(DMF-) based ink containing 10 mg/ ml of 2- (2-hydroxy-1, 1, 1, 3, 3, 3-hexafluoropropyl)-1- naphthol. An ethanediol-based silver nanoparticle ink was then used to print two silver electrodes. To achieve an optimum contact between the rGO patch and the silver electrodes, both electrodes overlapped the rGO patch by 1.5 mm. Finally the resulting multi-layered sensor prototype was fired at 120°C for 3 hours to remove the organic molecules coated on the silver nanoparticles and to anneal the silver nanoparticles for desired conductivity. Figure 5a shows an optical image of a typical multi-layered gas sensor prototype fabricated with the procedures described above. A flexible single-layered sensor was similarly fabricated except that the selector layer was not printed. Both the multi-and the single-layered sensors were flexible, ultra-lightweight (˜25 mg), and miniature sized (~1.5 cm x 1.0 cm).
Gas sensing was then performed with both multi-and single-layered sensors. A dimethyl methylphosphonate (DMMP) vapor of 2.5 ppm was generated from a DMMP permeation tube (KIN-TEK Laboratories, Inc., La Marque, TX, USA) installed in a FlexStream™ Gas Standards Generator (KIN-TEK Laboratories, Inc.) and carried by nitrogen with a flow rate of 500 sccm. The relative sensitivity of a multi-layered (black solid line) and a single-layered (red-dashed line) sensor upon exposure to 2.5 ppm DMMP is shown in Figure 5b . The relative sensitivity (S) is defined by the following formula:
where R 0 is the resistance between the two silver electrodes of a sensor before the exposure to the DMMP vapor and R that at a particular time after the exposure.
SEM analyses were performed to examine the micro-/nano-morphology of the inkjet-printed GO patterns. A GO patch inkjet-printed (ten passes) on a surface modified Kapton HN film was dried at 95°C under vacuum overnight (to remove the glycerol and the water in the GO ink) and then subjected to SEM analyses. Under a scanning electron microscope, the dried GO Flexible Electronicssquare had sharp edges as designed and the GO flakes were well interconnected with no observable cracks (Figure 6a and b) .
Bend cycling tests on an all-inkjet-printed flexible gas sensor
A four-point bend tester (TestResources, Inc., Shakopee, MN, USA) controlled by R Controller software (TestResources, Inc.) was used to conduct the bend cycling tests. A fully inkjetprinted single-layered gas sensor was mounted on the bend tester with a home-made mounting system. The sensor was bent, with an amplitude of 20 mm and a bend rate of 1 mm/ second, to a radius of curvature of 1 cm 1000 times in tension and then another 1000 times in compression to the same radius of curvature. After the 2000 bending cycles, the resistance of the sensor was measured with a multimeter and its morphology examined with an optical microscope. It was found that the resistance of the sensor after the bend test was virtually the same as that before the test (i.e. ~14 kΩ) and no morphological changes were observed during the optical analyses. Keeping the amplitude and the bend rate the same, the radius of curvature was reduced to 0.5 cm and the sensor was bent 1000 times in tension and another 1000 times in compression, followed by conductivity and morphology examination. Again, apparent conductivity or morphological changes were not observed.
Peel testes on an all-inkjet-printed flexible gas sensor
Peel tests were performed via a qualitative Scotch-tape peel test to evaluate the adhesion of an inkjet-printed single-layered gas sensor to the surface modified Kapton film. The adhesive side of a piece of Scotch ® magic tape (3 M Company, St. Paul, MN, USA) was firmly pressed against the sensor and then peeled off [36, 37] . By visual inspection and optical microscopic analyses, all three components of the sensor (two silver electrodes and one rGO patch) remained attached to the substrate and retained their intactness after the tape had been peeled off.
A computer-controlled polyelectrolyte multilayer-based layer-bylayer Kapton surface modification approach
This is a computer-controlled, facile, environmentally friendly, low-cost, readily scalable, and layer-by-layer deposition process. This process used two weak polyelectrolytes, poly (acrylic acid) (PAA) and polyethylenimine (PEI), to apply polyelectrolyte multilayers (PEMs) on flexible Kapton HN films in an alternating, layer-by-layer fashion under controlled pH and ionic strength. Compared to strong polyelectrolytes, weak electrolytes have the advantage of controlling the PEM properties more systematically and simply [38] . To our knowledge, this work is the first to use only weak polyelectrolytes to surface modify Kapton substrates.
Computer-controlled polyelectrolyte multilayer-based surface modification of Kapton HN films
Small pieces of Kapton 500HN with appropriate dimensions (e.g. 95 mm x 95 mm) were cut from a Kapton 500HN sheet and cleaned by sonication, first with a 10 g/L suspension of Powdered Precision Cleaner (Alconox, Inc., White Plains, NY, USA) in DI water for 10 min and then with acetone for 10 min, in an ultrasonic cleaner (Model 2510. Branson Ultrasonics, Danbury, CT, USA). The cleaned Kapton films were rinsed three times with DI water, placed in the sample chamber of a custom-built, computer-controlled, automated deposition system, and then subjected to a layer-by-layer PEM deposition process. The PEM deposition process involved alternating exposure to two solutions of oppositely charged, relatively small polyelectrolyte molecules, polyethylenimine (PEI. Branched, M.W. 1800 Dalton; Alfa Aesar, Ward Hill, MA, USA) and poly (acrylic acid) (PAA. Average M.W. ~1800 Dalton; Sigma-Aldrich, St. Louis, MO, USA). In a typical deposition cycle, the cleaned Kapton pieces were incubated for 10 min in a PAA aqueous solution (10 mg/ml. pH adjusted to 5.1 with NaOH) containing 0.5 M NaCl followed by rinsing three times with a 0.5 M NaCl aqueous solution. The Kapton pieces were then incubated for 10 min in a PEI aqueous solution (10 mg/ml. pH adjusted to 2.5 with HCl) containing 0.5 M NaCl followed by rinsing three times with a 0.5 M NaCl aqueous solution. Such a cycle was repeated to deposit the desired number of PEM layers on the Kapton pieces. To automate the deposition process, a peristaltic pump was used to deliver each of the polyelectrolyte solutions and the 0.5 M NaCl rinse solution to the sample chamber of the system. A two-way drain valve was used to remove the polyelectrolyte or the rinse solution to a waste chamber after a given incubation or rinsing step had been completed. A properly programmed microprocessor was used to operate the peristaltic pumps and the drain valve. After the desired number of deposition cycles has been finished, the resulting Kapton films were rinsed with DI water and dried in air at 60°C for 2 hours.
Contact angle measurements
Contact angle measurements were conducted (on a Rame-Hart goniometer equipped with a CCD camera (Rame-Hart Instrument Co., Succasunna, NJ, USA)) to evaluate the wetting of water, organic solvents, and inkjet inks on surface unmodified and PEM-modified Kapton HN films. Table 1 shows that water and the water-based GO ink (which contained 60 wt% of glycerol for viscosity adjustment) exhibited an average contact angle of 76.6° and 72.4°, respectively, on a surface unmodified Kapton HN film. Organic solvents (ethanol and DMF), on the other hand, had quite small contact angles (<13°) on the same film. The commercial ethanol-based silver ink, with the presence of additional components such as a binder and a stabilizer, exhibited an average contact angle of 25.2° which was slightly higher than those of the two organic solvents. After PEM deposition on the Kapton HN film, the contact angles of both water and the water-based GO ink were significantly and reproducibly reduced. The average contact angles of water and the water-based GO ink were reduced to 41.0° and 55.5°, respectively, after the deposition of only one layer of PEM, whereas the contact angles of the organic solvents (DMF and ethanol) and the ethanediol-based silver ink were essentially not changed ( Table 1) . It has been shown that the wetting of fluids onto sequentially adsorbed PEM layers was affected primarily by the outermost layer [39, 40] . In agreement with this previous observation, when additional PEM layers were deposited on the Kapton film, all the inks and the solvents examined in this work (water-based GO ink, ethanediol-based silver ink, DMF, ethanol, and water) exhibited little further changes in their contact angles ( Table 1 ).
Printability assessment
Two organic solvent-based inks (a commercial ethanediol-based silver nanoparticle ink (Sun Chemical Corporation, Parsippany, NJ, USA) and a cyclohexanone/terpineol-based graphene ink (home-formulated based on the procedures described by Secor et al. [35] )) and a waterbased GO ink were examined for their inkjet printability on Kapton HN films before and after the PEM-based surface modification. 8 show high-resolution scanned images of silver IDE patterns and graphene patches, respectively, that were inkjet-printed on surface unmodified Kapton HN and Kapton HN which had been deposited with 1, 3 and 4 layers of PEMs. All of the silver IDEs and graphene patches exhibited uniform morphologies and precisely controlled shapes with sharp edges, as designed, irrespective of whether they had been printed on surface unmodified or PEM-modified Kapton HN films.
Figures 7 and
Figure 9a
shows a square that was printed (five passes) with the GO ink on a surface unmodified Kapton KN film. The ink drops balled up to form isolated small "islands." On the other hand, after 1, 3, or 4 PEM layers had been deposited on a Kapton HN film, precisely controlled ink squares with sharp edges were able to be printed as designed. A typical GO ink square printed on a Kapton HN film that had been deposited with 4 PEM layers is shown in Figure 9b .
For electrically charged ink particles, similar to the bio-enabled method described above, this PEM-based surface modification method can also enhance the uniformity of the inkjetprinted thin films (by reducing the "coffee ring effect" during drying) compared with traditional Kapton surface modification methods. 
Adhesion sustainability tests after chemical functionalization
For sensing applications, GO films normally need to be surface functionalized for the purpose of sensitivity and/or selectivity enhancement. Such surface functionalization includes reduction/oxidation and introduction and/or amplification of particular surface chemical groups 
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and so on. The adhesion between the inkjet-printed GO films and the substrates has to be strong enough to survive such chemical functionalization.
To assess the adhesion of inkjet-printed rGO-based flexible sensors on Kapton HN substrates after such chemical functionalization, Kapton HN films were first surface modified via three approaches: UV/ozone treatment (traditional method), plasma treatment (traditional method), and the standard PEM-based deposition process described in this work. The UV/ ozone treatment was conducted on a 95 mm x 95 mm Kapton HN film with a UVO Cleaner (Jelight Company Inc., Irvine, CA, USA) for 5 min. The plasma treatment was performed on a 95 mm x 95 mm Kapton HN film with a plasma cleaner (model PDC-001. Harrick Scientific Corp., Ossining, NY, USA) in air for 20 min with the RF power set to the "high" level. GO patches were then inkjet-printed on the resulting surface modified Kapton films with the water-based GO ink. The inkjet-printed GO traces were then fired in nitrogen for one hour to be reduced to their rGO counterparts, followed by chemical treatments to introduce various surface chemical functional groups (hexafluoroisopropyl, amine, acrylate, and hydroxyl groups) to the resulting rGO patches.
After the reduction or a GO film functionalization process, the adhesion between the rGO patches and the surface-modified Kapton substrates was evaluated by visual inspection while slowly bending (to a radius of curvature of ˜1 cm) the rGO-on-Kapton structure. The structures were first bent 150 times in tension and then another 150 times in compression. Table 2 summarizes the results of such adhesion sustainability bend tests. The GO films inkjet-printed on all the surface-modified Kapton HN substrates remained attached to the substrates after the thermal reduction and such bending. After the thermal reduction followed by each of the film functionalization treatments, the GO films printed on the 3-PEM-layer-modified or 4-PEM-layer-modified Kapton HN film remained attached upon bending ( Table 2) . On the other hand, the adhesion of the inkjet-printed GO films on the UV/ozone-, plasma-treated, or 1-PEM-layer-modified Kapton HN substrates was not as universally robust after the thermal reduction followed by the various film functionalization treatments. As shown in Table 2 , the adhesion sustainability of the inkjet-printed GO films increased with increasing number of PEM layers on the Kapton substrates, which is probably due to the following reasons: each time after a polyelectrolyte (PAA or PEI) had bound to a Kapton HN substrate surface or to the oppositely charged polyelectrolyte which had previously bound to the substrate, there still existed nonoccupied binding sites (point charges) on the substrate surface [39] . One PEM layer deposited on the substrate would probably be able to cover most (but not all) of the blank Kapton HN surface, which allowed for reasonably good printability for the GO ink. As more PEM layers were deposited, the uncovered substrate surface gradually decreased and the surface positive charge density gradually increased. As a result, when the GO ink particles (negatively charged) were inkjet-printed on, and bound to, such surface modified substrate, the adhesion between the inkjet-printed GO film and the substrate gradually increased. Table 2 . Adhesion sustainability of GO films on surface-modified Kapton HN substrates upon thermal reduction followed by a number of surface group-introducing reactions ("+": the adhesion survived the corresponding chemical treatment; "-": the adhesion did not survive the corresponding chemical treatment; "NA": the corresponding chemical treatment was not performed since a prior step had peeled the GO film off from the substrate) [1] (with permission from the Royal Society of Chemistry).
Fabrication and bend testing of all-inkjet-printed flexible gas sensors
Single-layered, rGO-based gas sensors were fabricated on a 4-PEM-layer-modified Kapton HN substrate following the procedures described in Section 3.3. A such fabricated sensor, as shown in Figure 10a , was subjected to bend testing. The sensor was bent, to a radius of curvature of ~1 cm, 1000 times in tension followed by another 1000 times in compression. During the bending process, conductivity measurements were performed on the sensor after every 50 times of bending. The conductivity of the sensor was found to be virtually the same (i.e. a resistance of ~6 kΩ) throughout the whole bend testing as that before the bending. Optical and SEM microscopic analyses were conducted after such repeated bending to examine the morphology of the sensor. No apparent cracks on either the silver electrodes or the rGO patch were observed and the sensor remained the same morphology as that before the bending (Figure 10b-d) .
Conclusions
The slip additive in Kapton HN films contains a significant amount of crystalline CaCO 3 . Taking advantage of the electric charges borne by the additive particles at a neutral or acidic pH, two mild and environmentally friendly wet chemical approaches have been recently developed to surface modify Kapton HN films. The resulting surface modified films allowed for not only great printability of both water-and organic solvent-based inks (thus facilitating the full-inkjet-printing of entire flexible electronic devices) but also strong adhesion between the inkjet-printed traces and the substrate films. Different from the traditional Kapton surface modification approaches which target the surface polyimide matrix, these two mild methods targeted the electric charges borne by the additive particles.
The bio-enabled method, which utilized two clinical biomolecules and was conducted in aqueous salt solutions at a neutral pH, room temperature, and atmospheric pressure, was maximally mild and minimally destructive. The flexible rGO-based gas sensors fully inkjetprinted on the resulting surface modified Kapton HN films survived a Scotch-tape peel test and were found insensitive to repeated bending to a small 0.5 cm radius.
The computer-controlled PEM-based method involved the use of only weak polyelectrolytes (to enable systematic and simple control of the PEMs formed via adjustment of the pH of the polyelectrolyte solutions). The adhesion sustainability increased with increasing number of PEM layers. The rGO-based sensors printed on the resulting surface modified (with 4 layers of PEM layers) Kapton HN substrate was insensitive to repeated (1000 times in tension and another 1000 times in compression) bending to a radius of curvature of ~1 cm.
For electrically charged ink particles, both methods can enhance the uniformity of the inkjetprinted films via reduction of the "coffee ring effect" during drying.
The two methods have not only introduced new means to tune the surface properties of Kapton HN films thus allowing for the full-inkjet-printing of flexible and robust electronic devices but also brought forth solutions to significantly reduce of the environmental pollutions associated with inkjet-printing of Kapton-based flexible electronic devices.
